c Brucella melitensis causes brucellosis, a disease affecting sheep, cattle, and sometimes humans. Attenuated B. melitensis strain M5-90, derived from virulent strain M28, is widely used as a live vaccine in ruminants in China. Genetic differences between the strains may cast light on the mechanism of attenuation. We recently reported the complete genomic sequences of M28 and M5-90. Genome organization is highly conserved between these isolates, and also with virulent strains 16 M and ATCC 23457. Analysis revealed 23 open reading frames (ORFs) with consistent differences between M5-90 and the virulent strains. Notably, the tuf2 gene encoding translation elongation factor EF-Tu from M5-90 contained 50 single nucleotide polymorphisms (SNPs) and 9 gaps (indels) compared to tuf2 of M28 or of the other virulent strains. There were no changes in tuf1. To evaluate the potential role of EF-Tu in pathogenesis, tuf1 and tuf2 mutants of M28 and an M5-90 strain harboring wild-type tuf2 were constructed, and their virulence/attenuation was evaluated in vivo. We report that the tuf2 gene plays an important role in the attenuation of M5-90 virulence.
B
rucella melitensis, the first species in the genus Brucella to be described, causes abortion in goats and sheep and Malta fever in humans. Currently, there are nine recognized species of the bacterium Brucella, based on host preferences and phenotypic differences (1) . The six classically recognized species of this facultative intracellular parasite are B. melitensis (sheep and goats), B. abortus (cattle), B. suis (pigs, reindeer, and hares), B. canis (dogs), B. ovis (sheep), and B. neotomae (desert wood rats) (2) . In humans, B. melitensis is the most highly pathogenic, and infection typically takes place via the consumption of unpasteurized milk and milk products. Attenuated B. melitensis M5-90, derived from virulent strain M28, is widely used as a live vaccine in sheep, goats, and cattle in China (3, 4) . However, such strains retain pathogenicity for humans and to date no effective vaccine has been approved for human use. Because of its epidemic potential, the absence of a human vaccine, and the effectiveness of aerosol infection, this agent is classified as a biosafety level 3 pathogen and has been designated a potential bioterrorism agent (5) .
The genome of the first Brucella melitensis strain to be sequenced, 16 M, comprises ϳ3.3 Mb of unique sequence shared between two circular chromosomes: the larger chromosome (chromosome I) is ϳ2.1 Mb, whereas chromosome II is ϳ1.2 Mb. Eleven complete genome sequences representing six species of Brucella are currently available, and the genomes of several other Brucella strains/species are in the process of being sequenced (1) .
The different genomes are very similar in size and in the numbers of genes and proteins. Sequence comparisons have provided firm evidence of horizontal gene transfer between different Brucella species and strains, despite their predominantly intracellular lifestyle, and phylogenomic analysis of orthologous gene families has demonstrated distinct radiations (6) . Importantly, sequence analysis revealed that Brucella species lack classical virulence determinants such as capsules, fimbriae, exotoxins, cytolysins, resistant forms, antigenic variation, plasmids, or lysogenic phages.
Compared to other bacterial pathogens, relatively little is known about the factors contributing to Brucella pathogenesis and persistence in the host (7) , and previous studies focused primarily on the identification of factors that govern intracellular trafficking and multiplication of the bacterium within its host cell (7) .
B. melitensis vaccine smooth strain M5-90 (biovar 1) was generated by serial passage of the virulent B. melitensis M28 ovine isolate through chickens, followed by acriflavine treatment and a further 90 passages in chicken embryo fibroblasts; this isolate was found to be markedly attenuated (8), and its use as a live vaccine is one of the key factors leading to a rapid decline in the incidence of brucellosis in animals and humans in China in the 1970s to 1990s (3, 4) .
Genetic differences between virulent and derivative attenuated strains are likely to provide clues to the mechanism(s) of attenuation and therefore assist in the development of new vaccines. We recently reported the complete genome sequences of B. melitensis M28 and M5-90, strains with different virulence backgrounds (9) . Comparative sequence analysis reported here revealed 23 open reading frames (ORFs) with consistent differences between the complete genome sequences of the attenuated M5-90 strain versus those of both the parent strain M28 and two other virulent strains, 16 M and ATCC 23457. Notably, there was a consistent difference between the vaccine strain and the three virulent strains in the sequence of the tuf2 gene, encoding translation elongation factor EF-Tu, a highly conserved protein (10) . B. melitensis chromosome I harbors two gene copies encoding EF-Tu, termed tuf1 and tuf2. We report that tuf1 sequences are conserved between all complete genome sequences and the tuf1 gene of vaccine strain M5-90 (BM590_A1236) was identical to the equivalent gene (BM28_A1261) of the virulent parent strain M28. In contrast, sequences corresponding to the tuf2 gene of the vaccine strain M5-90 were found to be extensively disrupted and contained multiple SNPs and indels compared to the tuf2 gene (BM28_A1246) of M28. This analysis therefore suggests that disruption of the tuf2 gene could potentially contribute to attenuation of B. melitensis. To address this possibility, we constructed derivatives of virulent strain M28 in which tuf2 was replaced by a selective marker, as well as an M5-90 strain harboring a wild-type tuf2 gene. We report that these modifications significantly modulate the attenuation of B. melitensis M28 pathogenicity in mice, arguing that the tuf2 gene plays an important role in the attenuation of M5-90. Strain propagation. B. melitensis strain M28 and the attenuated strain M5-90 (laboratory stock) were grown on tryptic soy broth (TSB) plates containing 1% agar under biosecurity level 3ϩ conditions (8). After 2 days at 37°C, cells were collected by scraping and were suspended in phosphate-buffered saline (PBS; pH 7.2). CFU were determined by plating on TSB agar and incubating for 3 days at 37°C under 5% CO 2 .
MATERIALS AND METHODS

Ethics
Genomic comparisons. B. melitensis M28 and M5-90 complete genome sequences (chromosomes I and II) are deposited in the GenBank database under accession numbers CP002459-CP002460 and CP001851-CP001852, respectively (9) . SNP differences between the genomes of M5-90 and the virulent strains M28, 16 M, and ATCC 23457 (11) were identified using pairwise chromosome alignment data generated using the Mauve2.3.0 alignment program (12) . Reciprocal pairwise alignments were also performed using the basic local alignment tool (BLAST) version 2.2.21. All identified indels were confirmed by resequencing.
Construction of B. melitensis tuf mutant strains. Mutant tuf strains of B. melitensis were constructed by separately replacing the tuf1 and tuf2 genes of M28 with a kanamycin resistance marker and flanking homology arms, generating strains M28-tuf1 and M28-tuf2, respectively. In view of flanking sequence homologies, the same construct based on M28 tuf1 and tuf2 flanking sequences permitted targeting the tuf1 and tuf2 genes of M5-90. The M5-90 strain harboring a further disruption of the tuf2 gene is designated M90-tuf2. An M5-90 back mutation strain was reconstituted in which the wild-type tuf2 gene (with the selective marker) was inserted into the tuf2 locus, generating strain M90-rtuf2. Primers for the construction of recombinant plasmids and for the identification of mutant strains are listed in Table S1 in the supplemental material. Mutant strains were characterized by light microscopy after acriflavine or Gram staining and by using the R serum agglutination test (13) . The method of Gibby and Gibby (14) was employed to generate proliferation curves for the parental and mutant strains.
In vivo pathogenicity analysis. BALB/c female mice aged 4 to 5 weeks were purchased from Vital River Laboratories (VRL; Beijing, China). Separate groups of mice (n ϭ 20 in each case) were injected intraperitoneally (i.p.). with 10 5 CFU of each strain. Mice were sacrificed after 1, 2, 3, and 4 weeks (n ϭ 5 in each group), and spleen weights were measured. Spleen CFU titers of viable B. melitensis were determined by direct plating. Statistical analyses used the Student two-tailed t test; a P value of Յ0.05 was taken to indicate statistical significance.
RESULTS
Global alignment of genome sequences.
The complete genome sequences of B. melitensis M28 and M5-90 predicted 3363 and 3361, respectively, protein-coding genes, 55 tRNA genes, and three rRNA operons in the two genomes. The salient features of the genomes and comparisons with the 16 M and ATCC 23457 genomes are summarized in Table S2 in the supplemental material. Multiple alignments were performed for all four genomes. Global alignment revealed almost perfect colinearity. There were few indels (insertions or deletions) exceeding 30 bp in size. BLAST analysis revealed 54 indels of more than 30 bp in M5-90 relative to 16 M, 9 relative to ATCC 23457, and no indels of Ͼ30 bp relative to M28. Overall, the M5-90 genome harbored 382 indels relative to 16 M, 110 relative to ATCC 23457, and 73 relative to M28 (Table 1) .
Pyrosequencing technology is unequalled in the accuracy of the sequences generated (15); predominant sequencing errors are single-nucleotide indels rather than substitutions (16) . We therefore resequenced and confirmed all 73 indels detected between vaccine strain M5-90 and the parent strain M28. Multiple sequence alignments revealed that 31 indels, within 22 ORFs, were consistently different between vaccine strain M5-90 and the three virulent counterparts. Table 1 lists all confirmed indels within ORFs between M5-90 and the three virulent strains.
Evolutionary analysis. To determine the evolutionary relationships between the four B. melitensis strains, we based our analysis on pairwise SNP differences between the complete genome sequences of the four strains. The Mauve whole-genome comparison tool was used to identify SNPs within shared sequences of the genomes of B. melitensis strains M5-90, M28, 16 M, and ATCC 23457; these are summarized in Table 2 . Comparison of the M5-90 and M28 genomes revealed only 125 SNP differences (0.004%). The SNPs were not equally distributed between the two chromosomes. Whereas SNP differences between M5-90 and 16 M or ATCC 23457 were spread equally across the genome, comparison of M5-90 versus M28 revealed that, of the 125 confirmed SNP differences, 115 (92%) were located on chromosome I, whereas the 10 remaining SNPs (8%) were located on chromosome II; moreover, all chromosome II SNPs were located in intergenic regions. By comparison, there were 372 SNP differences (Table 3) . Differences between M5-90, M28, and the other strains and their classification in the COG database are summarized in Table 4 .
Previous studies on the attenuated B. abortus S19 strain revealed four ORFs with consistent differences (OCDs) of more than 60 SNP or indel changes (17) . These four ORFs are implicated in erythritol uptake or metabolism (BM590_B0823, BM590_B0829, BM590_B0830, and BM590_A0074), and one of them encodes a membrane protein (BM590_A0074). Inspection of the M5-90 sequence revealed that all four ORFs were fully conserved, arguing that the mechanism of attenuation in B. melitensis M5-90 differs from that in B. abortus S19.
For the identification of candidate virulence-associated ORFs, we therefore focused on the 23 chromosome I ORFs consistently differing between M5-90 and the virulent strains, including M28. Nineteen contained conservative substitutions and were not studied further, leaving four ORFs with single-nucleotide indels or SNPs that resulted in net amino acid changes. The queuine tRNAribosyltransferase (BM590_A1095) contained multiple alterations, and eight of 11 SNPs caused nonsynonymous codon replacements, although the ORF is conserved in M28. In contrast, the ORFs in M5-90 corresponding to the sodium:dicarboxylate symporter DUF540 (BM590_A0176) and conserved hypothetical protein (BM590_A0683) both contained changes leading to frameshift and premature termination.
This analysis focused our attention on genes encoding the translation elongation factor EF-Tu. B. melitensis contains two genes encoding EF-Tu, designated tuf1 and tuf2. No sequence changes were observed in the tuf1 gene, but remarkably, of the 115 SNPs located on chromosome 1, 50 (43.5%) fell within the region corresponding to the tuf2 coding sequence of M28 (BM28_ A1261). Moreover, the M5-90 genomic sequence corresponding to tuf2 contained nine indels that split the tuf2 EF-Tu coding sequence into three adjacent ORFs (BM590_A1255, BM590_A1256, and BM590_A1257). In contrast, all three virulent strains contain an intact tuf2 gene. This observation suggests that disruption of the tuf2 gene in M5-90 may be directly linked to the reduced pathogenicity of this isolate. Construction of tuf mutants of B. melitensis M28. To address whether tuf2 disruption is causally linked to attenuation, we constructed deletion mutants of virulent strain M28. In parallel, we reconstituted the wild-type tuf2 gene in the M5-90 strain. We employed a standard method in which a kanamycin resistance cassette flanked by target sequences is electrotransformed into competent cells (18) followed by antibiotic selection for gene replacement by double recombination. Twenty kanamycin-resistant clones were studied in each case; inactivation of each gene was confirmed by PCR, and two M28 strains carrying separate disruptions of the two genes, named M28-tuf1 and M28-tuf2, were selected for study.
The same experiment was performed using the M5-90 strain. As expected, none of the kanamycin-resistant transformants contained a disruption of the tuf1 gene, confirming that tuf2 function is abolished in M5-90 and that EF-Tu is essential for growth. However, kanamycin-resistant derivatives of M5-90 in which the selective marker had inserted into the tuf2 locus (named M90-tuf2) were obtained. In addition, an M5-90 back mutation strain (named M90-rtuf2) in which the wild-type tuf2 gene together with the selective marker is inserted into tuf2 locus was reconstituted; successful reconstitution of tuf2 gene function was confirmed by PCR and sequencing.
The mutant strains were analyzed by light microscopy and the R serum agglutination test. All mutants were smooth B. melitensis strains, as are their parent strains (M28 and M5-90). We then studied their growth properties in vitro. As shown in Fig. 1 , the proliferation curves of all strains showed a lag phase of ϳ16 h, followed by a logarithmic growth phase, reaching a plateau after ϳ40 h. There were no significant differences between the proliferation curves of the parental and mutant bacteria (P Ͼ 0.05), demonstrating that separate disruption of either tuf1 or tuf2 of M28 or reconstitution of wild-type tuf2 in M5-90 does not negatively impact upon growth in vitro.
Virulence of tuf mutant strains in mice. To determine whether tuf1 and/or tuf2 disruption affects attenuation/virulence, separate groups of mice were inoculated (i.p.) with 10 5 CFU of each of the B. melitensis strains. At different times following challenge, bacterial counts in spleen homogenates were determined by direct plating on agar. As shown in Fig. 2A , all strains showed initial replication in the spleen, with titers elevated at weeks 1 and 2 postinfection (p.i.) and subsequently falling. The attenuated strain M5-90 showed the lowest initial titer and a marked fall in titer between weeks 2 and 4 p.i. that was not seen for the other strains tested. As a live vaccine strain, M5-90 is attenuated but retains low pathogenicity in mice (Fig. 2A) ; clearing of M5-90 bacteria requires ϳ3 months in mice, ϳ4 months in goats/sheep, and ϳ6 months in cattle (our unpublished data). As expected, further disruption of tuf2 in the M5-90 vaccine strain (M90-tuf2) had no detectable effect on proliferation in vivo versus the attenuated parent strain. The virulent strain M28 showed a very high initial titer over the course of the experiment. The tuf1 and tuf2 derivatives of M28, however, showed an intermediate level of virulence. Titers were significantly reduced (P Ͻ 0.001) and were generally ϳ1 log below those achieved by parent strain M28. There was no significant difference between the degree of attenuation of M28-tuf1 and that of M28-tuf2. The back mutant M5-90 strain (M90-rtuf2) showed a level of attenuation that was intermediate between the M28 derivatives and M5-90 strain. Nevertheless, titers remained significantly higher (P Ͻ 0.01) than for the attenuated strain M5-90 ( Fig. 2A) .
A similar profile was seen when another marker of virulence, spleen weight, was compared between groups. As shown in Fig.  2B , spleen weights were largely unchanged in animals inoculated with the attenuated strain M5-90 or its tuf2-disrupted counterpart, whereas a robust increase in spleen weight was recorded in animals inoculated with the virulent strain M28. As before, disruption of either tuf1 or tuf2 in M28 led to a reduction in maximum spleen weight, and the reduction was greater in M28-tuf2 than in M28-tuf1. The reduction of spleen weights between M28 and its tuf derivatives was of high significance (P Ͻ 0.01 in both 
Nodulation protein Nfed, C terminus only a Abbreviations and symbols: J, single nucleotide substitution; p, deletion; ⌬, insertion; FS, frameshift; IS, internal stop; NO, no difference; NT, N-terminal truncation; PS, premature stop; vs, versus; YS, SNP resulting in a change in the amino acid net charge; COG, clusters of orthologous groups (see Table 4 ). Boldface indicates ORFs with consistent differences between the complete genome sequences of the attenuated M5-90 strain versus the virulent strains.
cases) (Fig. 2B) , whereas there was no significant difference in spleen weight between the M28-tuf1 and M28-tuf2 strains at 2 to 4 weeks p.i. Moreover, a gradual increase in spleen weight (P Ͻ 0.01) was recorded in animals inoculated with the back mutant strain M90-rtuf2 reexpressing wild-type tuf2.
DISCUSSION
B. melitensis M5-90 is an artificially attenuated strain that has been used for decades on a large scale for brucellosis immunization of sheep and goats in China (3). Few studies have addressed the physiological mechanisms of M5-90 attenuation, and the molecular changes underlying the reduced virulence of the vaccine strain are unknown. We therefore determined the complete genome sequences of M5-90 and its parent strain M28. These were comprehensively compared with each other and with the established sequences of two other virulent strains of B. melitensis, 16 M and ATCC 23457. Pairwise and reciprocal comparisons identified 125 SNP and 73 indel differences between M5-90 and M28, and 35 coding sequences were consistently different between the attenuated M5-90 strain and the three virulent strains. Of these, 23 coding sequences were considered to represent candidate attenuation-related genes in view of the nonconservative nature of the changes.
Of these 23 candidates, we focused on the tuf2 gene encoding EF-Tu (BM28_A1261) because this single ORF contained 30% of all changes (SNPs and indels) that differentiate the M5-90 and M28 sequences. In contrast, the related tuf1 gene was fully conserved between M5-90 and M28. We used homologous recombination to construct derivatives of M28 in which the tuf1 and tuf2 genes were disrupted. It was not possible to construct a tuf1 derivative of M5-90 in view of the disruption of the tuf2 ORF in this strain. We also constructed a new back mutant M5-90 strain harboring a wild-type tuf2 gene. Gene disruption had no evident effect on growth in vitro or morphology. The parent strains and their tuf mutant derivatives were inoculated into mice. We report that both the M28-tuf1 and M28-tuf2 strains were significantly attenuated compared to M28 but were still more virulent than M5-90. Furthermore, the virulence of the M90-tuf2 strain harboring a wild-type copy of tuf2 was significantly enhanced versus that of M5-90, and the back mutation restored growth in mice toward M28 levels (Fig. 2) . These results indicate that disruption of the tuf2 gene plays an important role in the attenuation of M5-90.
Translation elongation factor EF-Tu is an essential component of the translational machinery. Nevertheless, it may play additional roles. It has recently been demonstrated that EF-Tu is released/secreted from bacterial cells and that it can modulate pathogen-host interactions (19) (20) (21) (22) (23) (24) . However, the pathways by which EF-Tu protein might interfere with immune regulation in the host cell remain unknown. Studies on host proteins interacting with EF-Tu are likely to provide insights into its role in modulating pathogen-host interactions and Brucella pathogenesis.
Our results argue that disruption of tuf2 is likely to play a role in the attenuation of vaccine strain M5-90. However, tuf2 mutants of the virulent M28 strain, despite demonstrating reduced pathogenicity, remained significantly more pathogenic than the vaccine strain. This indicates that other functions that differ between M28 and M5-90 are likely to synergize with tuf2 disruption in attenuating the pathogenicity of M5-90.
The list of potential attenuation-related genes revealed by complete genome sequencing includes genes involved in DNA/ RNA metabolism, amino acid transport and metabolism, and cell envelope biogenesis, as well as outer membrane proteins and several hypothetical proteins. Lipopolysaccharide (LPS) is an important virulence factor for Brucella survival and replication in the host (25) , and the genes encoding O-antigen polymerase (BM590_B0107/8) and the LPS biosynthesis protein (BM590_ B0386) may also play a role in attenuation/virulence. In particular, our analysis also highlighted queuine tRNA-ribosyltransferase (BM590_A1095), the sodium:dicarboxylate symporter DUF540 (BM590_A0176), and a conserved hypothetical protein (BM590_ A0683) as potential attenuation-related genes. Further studies us- ing the approach described here will be required to assess whether these changes contribute to the attenuation of the vaccine strain. We believe that systematic modification of these other functions, in conjunction with tuf2 mutants of M28, and host-response studies will together provide a comprehensive account of the attenuation of the M5-90 vaccine strain. A systematic review of the literature by Crasta et al. (17) tabulated 236 potential virulence factors and an additional 53 genes previously implicated in Brucella virulence (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . Of these 289 potential virulence factors, only BM28_A0655 (encoding a soluble lytic murein transglycosylase), which is involved in amino sugar metabolism and N-glycan biosynthesis, showed consistent differences between M5-90 and the three virulent strains (28) . Other prominent virulence factors in Brucella spp., including urease (ure), cytochrome oxidase (cydDCAB), nitric oxide reductase (norD), superoxide dismutase (sod), the type IV secretion system (T4SS), Brucella virulence factor A (bvfA), and a two-component regulatory system (bvrS-bvrR), are all intact in the M5-90 genome (7) . Therefore, attenuation of M5-90 does not involve modification of these key functions that govern the ability of Brucella to adapt to the environmental conditions encountered in its intracellular replicative niche, including low levels of nutrients and oxygen, acidic pH, and exposure to reactive oxygen intermediates (39) .
The profile of the sequence changes revealed by comparison of the M28 and M5-90 genomes is of interest. M5-90 was derived from M28 by a series of steps, including treatment with acriflavine (acridine orange). Molecules such as acriflavine exert their mutagenic action by intercalating between the bases within DNA, leading to the addition or deletion of single nucleotides. In consequence, acriflavine-induced mutations typically cause frameshifting within ORFs; such mutations give rise to out-of-phase translation and premature termination, leading to radical changes in the function of the encoded polypeptide (40) . It is notable that the present study identified a total of 73 indels, of which the large majority (66 indels) are single-nucleotide insertions or deletions that produce frameshift mutations within 27 ORFs, a finding consistent with these mutations having been generated by acriflavine exposure. This contrasts with the situation in B. abortus, where only eight candidate attenuation-related genes in the spontaneously attenuated strain S19 were found to contain frameshifts versus both the 9 -941 and 2308 virulent strains (17) . Furthermore, of the 45 candidate attenuation-related genes identified in B. abortus S19, none were altered between M5-90 and any one of the three virulent B. melitensis strains M28, 16 M, and ATCC 23457 (17) . This suggests that the mechanisms of attenuation in B. melitensis M5-90 and in B. abortus S19 are significantly different and indicates that acriflavine mutagenesis (as in M5-90) may lead to a distinct spectrum of attenuation-related genetic changes.
In conclusion, complete genomic sequencing of M5-90 and M28 has highlighted a series of candidate attenuation-related genes, including tuf2. Inactivation of this gene in virulent strain M28 led to significant attenuation in vivo. Conversely, restoration of wild-type tuf in the attenuated M5-90 strain significantly increased in vivo virulence. These findings argue that disruption of tuf2 in M5-90 contributes to the reduced pathogenicity of the vaccine strain. Future research will need to address the complex role of EF-Tu in the life cycle of Brucella; further studies will also be required to identify other changes that synergize with tuf2 in attenuating the virulence of the vaccine strain.
